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1 These authors contributed equally.NirJ is involved in the transformation of precorrin-2 into heme d1, although its precise role in the
process has not been established. The puriﬁed protein was found to contain a 4Fe–4S centre, in line
with the prediction that it belongs to the radical SAM class of enzymes. This was further conﬁrmed
by binding of S-adenosyl-L-methionine (SAM) to dithionite-reduced NirJ, which resulted in a
decrease in the signal intensity and in a shift to higher ﬁeld of the [4Fe–4S]1+ EPR signal. Signiﬁ-
cantly, though, this approach also led to the appearance of a small but reproducible organic radical
signal that was associated with about 2% of the NirJ molecules and was affected by the incorporation
of SAM deuterated at the 50 adenosyl group.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cytochrome cd1 is a nitrite reductase, catalysing a key reaction
in the nitrogen cycle, which is found in the periplasm of many spe-
cies of denitrifying bacteria [1,2]. The active site of the enzyme
contains a novel prosthetic group, which is usually known as d1
heme but is actually not a heme but rather an iron-containing di-
oxo-isobacteriochlorin [3,4]. This moiety is unique to this type of
enzyme but its molecular architecture clearly identiﬁes it as a
member of the family of modiﬁed tetrapyrroles. Such molecules
are synthesized along a branched biosynthetic pathway and the
structure of heme d1 and the likely function of proteins required
for biogenesis (see below) suggest that it branches at precorrin-2
or its oxidized form, sirohydrochlorin [5], intermediates that are
formed by the methylation of uroporphyrinogen III at positions 2
and 7. Transformation of these intermediates into heme d1
(Fig. 1) requires loss of the propionic acid side chains at C3 and
C8 and their replacement with oxygen, incorporation of a double
bond into the propionic acid side chain attached to C17 and
ferrochelation [3]. Chemically, the most demanding of these steps
is the loss of the northern propionic acid side chains.chemical Societies. Published by E
Warren), stuart.ferguson@
ster.ac.uk (S.E.J. Rigby).Little is known about heme d1 synthesis. Genetic analysis re-
vealed a set of genes found adjacent to the structural gene (nirS)
for the nitrite reductase in many species of bacteria [4,6–9]. Inac-
tivation of some of these genes results in failure to synthesize
the heme d1 cofactor [7,8]. Sequence analysis provides few clues
to the function of these genes except for nirE, recently shown to
catalyse the transformation of uroporphyrinogen III to precorrin-
2 [10,11], and nirJ, predicted to code for a radical SAM enzyme
[12]. The latter type of enzyme possesses an iron–sulfur centre
from which an electron can be transferred to the sulfonium of
SAM with resultant formation of a 50-deoxyadenosyl radical spe-
cies [13]. The adenosyl radical is used to cleave unreactive C–H
bonds in alkyl groups. In this respect, the mechanism of radical
SAM enzymes is similar to adenosylcobalamin-dependent en-
zymes [14]. In NirJ, there are two cysteine-rich regions, which
are located at the N- and C-termini (Fig. 2). The N-terminal motif
is classical, but not in itself necessarily diagnostic, for the radical
SAM enzymes in that it contains the conserved sequence of
CXXXCXXC [12]. In this class of enzyme, the fourth ligand to the
4Fe–4S centre comes from SAM and not the protein.
Despite the availability of several crystal structures for radical
SAM proteins, there are many mechanistic uncertainties surround-
ing this type of enzyme, amongst which is that of whether a dis-
crete adenosyl radical is formed from the SAM [15]. Although
much research has been performed on radical SAM and adeno-
sylcobalamin-dependent enzymes, no direct evidence for anlsevier B.V. All rights reserved.
Fig. 1. Synthesis of heme d1. Heme d1 is derived from uroporphyrinogen III via precorrin-2. The actual steps from precorrin-2 to heme d1 are not known, but NirJ is implicated
in the process.
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unstable nature of the transient intermediate species. However,
support for the adenosyl radical has come from studies using an
allylic analogue of SAM in reaction with lysine 2,3-aminomutase,
where a 30,40-anhydro-50-deoxyadenosyl radical has been charac-
terized [17]. Here, we not only establish that NirJ from Paracoccus
pantotrophus is a member of the radical SAM family but show that
a bound organic radical is formed following reduction of SAM by
electron transfer from the Fe–S centre.
2. Methods
2.1. Cloning procedures
The gene encoding NirJ was ampliﬁed from P. pantotrophus DNA
using primers designed from the P. denitriﬁcans genome:
nirJF – 50-AAAGAATTCATGTTCCGCCTGACCCAATATATGCA-30
nirJR – 50-AAAAAGCTTCTAAAGAAAGCGGTGGGCCGGATCAT-30
These primers introduced 50 EcoRI and 30 HindIII restriction sites
into the resulting DNA fragment. This fragment was directly cloned
into plasmid pTZ19R giving rise to plasmid pZN012. An N-terminal
His-tag was subsequently introduced into the gene and the con-
struct cloned into pKK233-3, giving rise to pNZ028. This plasmid
allowed for expression of the protein for afﬁnity puriﬁcation by
metal chelate chromatography. The sam2 gene from Saccharomyces
cerevisiae was subcloned from pUC18:sam2 (provided by Dr. C.
Roessner, Texas A&M University) into a pET14b vector to give
pET14b:sam2.
2.2. Protein overproduction and puriﬁcation
pZN028 was transformed into Escherichia coli BL21 (DE3) and
grown in 1 L cultures of TY broth (16 g tryptone, 10 g yeast extract,
5 g NaCl), supplemented with 100 mg/mL ampicillin, at 37 C with
shaking for 5 h. Protein over expression was induced by addition of
0.4 mM IPTG accompanied by shaking overnight at 16 C. pET14b-
sam2 was transformed into E. coli BL21(DE3) pLysS and grown in
1 L cultures of Super LB (32 g tryptone, 20 g yeast extract, 5 g NaCl),
supplemented with 100 mg/mL ampicillin and 34 mg/mL chloram-
phenicol, at 37 C with shaking for 5 h. Protein expression was
induced as described for pNZ028. Cells were harvested by centrifu-
gation at 4500 rpm, 15 min, 4 C. Cells containing pET14b-sam2
were resuspended in 25 mM Tris–HCl pH 8, 0.5 M NaCl, 10 mM
imidazole. Cells containing pZN028 were resuspended in 50 mM
Tris–HCl pH 8.5.NirJ was puriﬁed from bacterial lysate using metal afﬁnity chro-
matography in an anaerobic chamber (Belle Technology, 0.2 ppm
oxygen). NirJ was eluted in buffer containing 1 M imidazole and
0.2 M KCl, as a dark brown fraction. Just before the preparation
of samples for analysis by EPR, NirJ was passed through a PD10
desalting column pre-equilibrated with 50 mM Tris–HCl pH 8.5,
200 mM KCl.
2.3. S-adenosyl-L-methionine synthesis
Sam2 was puriﬁed from bacterial lysate using metal afﬁnity
chromatography, according to the Novagen pET manual. SAM
was synthesized from 26 mM ATP and 20 mM methionine, in
100 mM Tris–HCl pH 7, containing 52 mM MgCl2, 1 M KCl and
0.1% b-mercaptoethanol, using 5 mg of Sam2, in a 2 mL reaction
volume. The reaction was left shaking at room temperature over-
night. SAM was separated from the Sam2 protein by passing the
reaction mixture through a nickel sepharose column, pre-equili-
brated with 50 mM Tris–HCl pH 7. SAM passed straight through
the columnmatrix with the Sam2 protein retained on the nickel re-
sin. SAM was transferred to the anaerobic chamber in 50 lL ali-
quots. SAM was also produced from perdeuterated ATP.
2.4. EPR sample preparation
EPR samples were prepared in an anaerobic chamber (0.2 ppm
O2), loaded into EPR tubes, sealed with a cap, and then transferred
to a liquid nitrogen Dewar. Samples were 300 lL with between
500 lM and 1 mM NirJ, with a 10-fold excess of dithionite and
SAM (non-labeled, BASF). Labeled, deuterated, SAM was titrated
into reduced NirJ, producing a range of samples to optimize radical
formation. EPR spectra were recorded at X-band (approximately
9.4 GHz on the spectrometer employed) using a Bruker ELEXSYS
E500/E580 spectrometer. Temperature control was provided by
an Oxford Instruments ESR900 liquid helium cryostat and an
ITC503 temperature controller. Acquisition parameters for individ-
ual spectra are as given in the ﬁgure captions.
3. Results
The P. pantotrophus nirJ was cloned into an expression vector to
generate pZN028 and permit the recombinant production of NirJ
with an N-terminal His-tag. When soluble extracts obtained from
E. coli transformed with pZN028 were passed through a Ni-afﬁnity
column the retained material had a brown colouration consistent
with the presence of P. pantotrophus NirJ containing a Fe–S centre.
Once the protein had been eluted from the column this centre was
Fig. 2. Multiple alignment of NirJ with a number of other radical SAM enzymes. NirJPp is the sequence of the NirJ from P. pantotrophus described in this study, NirJDv is the
putative NirJ-like protein from Desulfovibrio desulfuricans, and MoaAEcoli and HemNEcoli are the sequences of MoaA and HemN from E. coli.
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However, the presence of the putative Fe–S centre was stabilized,
and hence the brown colour retained, when the protein was puri-
ﬁed and maintained under anaerobic conditions. To conﬁrm the
nature of the redox centre, the protein was subject to EPR analysis.
The 15K X-band EPR spectrum of NirJ isolated anaerobically,
Fig. 3a, shows no features beyond those arising from the instru-
ment baseline. The addition of sodium dithionite (10-fold excess
relative to the protein concentration, see Section 2) gave rise to
the spectrum shown in Fig. 3b. The axial lineshape, g values and
the absence of this spectrum at 80 K (data not shown), indicate
that this spectrum arises from a [4Fe–4S]1+ iron–sulfur cluster.
We have not been able to detect a second iron–sulfur centre that
hypothetically might be associated with the second cysteine-richsequence motif. Analysis by gel ﬁltration chromatography indi-
cated that NirJ is a monomer.
The addition of SAM (again in a 10-fold excess relative to the
protein concentration) to the dithionite-reduced protein generated
the spectrum shown in Fig. 3c. The spectrum is essentially that of
the protein under turnover conditions with the substrate SAM. In
the presence of a reductant, here dithionite, NirJ converts SAM into
homocysteine and 50-deoxyadenosine in an essentially futile cycle.
The samples were frozen before the SAM and dithionite were ex-
hausted; thus the enzyme molecules will have been reduced by
dithionite, reoxidized by SAM and then re-reduced by dithionite
an undetermined number of times. The sample used to obtain
the spectrum in Fig. 3c therefore consists of three NirJ species each
with different iron–sulfur clusters: the [4Fe–4S]1+ cluster, the
Fig. 3. X-band EPR spectra of NirJ (a) as puriﬁed anaerobically, (b) reduced with
sodium dithionite, (c) following the addition of S-adenosylmethionine to dithionite-
reduced protein, (d) the difference spectrum (c) minus a fraction of (b). Arrows are
explained in the text, g values as marked. Experimental parameters: microwave
power 0.5 mW, modulation frequency 100 KHz, modulation amplitude 5 G, tem-
perature 15 K, each spectrum is the average of two scans.
Fig. 4. X-band EPR spectra of sodium dithionite-reduced NirJ following the addition
of S-adenosylmethionine under conditions designed to emphasize the radical
signal, (a) protonated S-adenosylmethionine and (b) S-adenosylmethionine per-
deuterated. The vertical scales have been normalized to the intensities of the
corresponding [4Fe–4S]1+ spectra. Experimental parameters: microwave power
10 uW, modulation frequency 100 KHz, modulation amplitude 1.6 G, temperature
80 K, each spectrum is the average of 60 scans.
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cluster formed by the transfer of an electron from the [4Fe–4S]1+
cluster to SAM; this cluster may or may not have methionine
bound to it.
This interpretation is supported by the spectrum of Fig. 3c. It
shows features attributable to the [4Fe–4S]1+ cluster observed in
Fig. 3b, while it also shows new features, marked on the ﬁgure with
arrows, which give rise to the apparent movement of the gk maxi-
mum at 3340 G, a distortion of the major g\ feature at 3500 G and
a new feature at the bottom of the g\ ‘trough’ at 3580 G. Further-
more, Fig. 3c shows a decrease in intensity that is consistent with
the formation of some EPR-silent [4Fe–4S]2+ centres. In an attempt
to resolve the new features of Fig. 3c, proportions of the spectrum
shown in Fig. 3b were subtracted from that in Fig. 3c to produce
the minimum difference spectrum possible. This difference spec-
trum, shown as Fig. 3d, is attributed to the SAM-bound [4Fe–
4S]1+ species. Note that we have no a priori evidence for the inter-
action of SAMwith the 4Fe–4S cluster. However, a reduction in sig-
nal intensity and the shift of the [4Fe–4S]1+ spectrum to higher
ﬁeld (lower g values) have previously been described for ‘radical
SAM’ proteins and are considered typical behaviour for such pro-
teins [18,19]. These observations, together with the sequence anal-
ysis, led us to conclude that NirJ is a radical SAM protein.
At approximately 3340 G, g = 2.00, at the centre of the gk feature
in Fig. 3d, there is a sharp signal that cannot be readily attributed
to the [4Fe–4S]1+ cluster. Such signals are generally attributed tothe presence of organic radicals and have been observed in radical
SAM systems that form radical intermediates from their second, i.e.
non-SAM, substrate. However, only NirJ, SAM and dithionite are
present in the sample giving rise to Fig. 3d. Therefore, this radical
could arise from the reduced SAM radical, from the product of re-
duced SAM ﬁssion i.e. the 50-deoxyadenosyl radical, or from an
amino acid residue radical formed on NirJ by the action of the rad-
ical SAM chemistry. Unfortunately the EPR spectra of the reduced
SAM radical and that of the 50-deoxyadnosyl radical have deﬁed
detection to this date, and thus their exact form is unknown. There
is no evidence of this radical in the absence of SAM, Fig. 3b, but that
it arises from a very small number of NirJ molecules, only 1–2% of
those exhibiting a [4Fe–4S]1+ signal.
The spectrum of reduced NirJ, frozen under turnover with SAM,
was reacquired using spectroscopic conditions that focus on and
enhance the radical spectrum (Fig. 4a). The spectrum is dominated
by apparent hyperﬁne couplings of 68 G, marked A, and 59 G,
marked B, while several smaller hyperﬁne couplings, marked C–
F, are also evident. The centre of this wide pattern is found at
g = 2.0023, suggesting (due to the lack of spin orbit coupling) that
the radical species giving rise to this signal consists chieﬂy of car-
bon and hydrogen [20].
In order to help deﬁne this radical species we carried out exper-
iments using SAM, which was deuterated at the 50-position of the
adenosyl group. The labeled SAM was synthesized using a puriﬁed
recombinant yeast SAM synthetase, under conditions optimized to
allow a high yield of SAM from ATP and methionine [21]. The spec-
trum obtained using this deuterated SAM is shown in Fig. 4b. The
effect of deuteration was to reduce greatly the splitting of the spec-
trum because the hyperﬁne coupling to a deuteron is much smaller
(approximately 15%) of that of an equivalent proton [22]. Thus
deuteration should remove any major hyperﬁne couplings from
the spectrum that are attributable to those protons which have
been deuterated. Fig. 4b shows that some of the major hyperﬁne
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This suggests that the spectrum observed in Fig. 4a contains contri-
butions from the reduced SAM radical and/or the 50-deoxyadenosyl
radical and another, as yet unidentiﬁed, radical, which may arise
from an amino acid residue of NirJ. The two most prominent fea-
tures that are removed by deuteration correspond to hyperﬁne
couplings A and B of Fig. 4A and their removal reveals a further fea-
ture, G, with a hyperﬁne coupling of 63 G. The overall intensity of
the radical spectrum is reduced by deuteration of the 50-methylene
group, raising the possibility of an isotope effect on the chemistry
of radical formation [17,23].4. Discussion
The EPR spectrum of reduced NirJ is typical of a [4Fe–4S]1+ clus-
ter and the change in the g values of this spectrum towards lower g,
higher ﬁeld, on binding SAM is typical of members of the radical
SAM family of enzymes such as pyruvate formate-lyase activating
enzyme (PFL-AE) [19] and biotin synthase [18]. Spectroscopic and
X-ray crystallographic studies of several radical SAM proteins has
shown that SAM binds directly to the 4Fe–4S clusters in these pro-
teins [24–27]. The transfer of an electron from the [4Fe–4S]1+ cen-
tre to SAM leads to the breaking of the bond between the
methionine S atom and the 50-methylene group of the ribityl por-
tion of the deoxyadenosyl moiety. This releases the 50-deoxyade-
nosyl radical. However, while this radical is predicted to be the
key intermediate in the radical SAMmechanism it has never previ-
ously been observed in radical SAM enzymes.
A previous study of the reaction of S-30,40-anhydroadenosylme-
thionine with lysine 2,3-aminomutase formed the 50-deoxy-30,
40-anhydroadenosine-50-yl radical, an analogue of the 50-deoxyade-
nosyl radical [17]. This radical gave rise to smaller hyperﬁne
couplings than those observed here, although the spectrum was as
broad as that observed here. However, the spin system in the
50-deoxy-30,40-anhydroadenosine-50-yl radical is rather different
from that of the 50-deoxyadenosyl radical. The inclusion of a double
bond between C40 and C30 of S-30,40-anhydroadenosylmethionine
leads to delocalization of the unpaired electron in the 50-deoxy-
30,40-anhydroadenosine-50-yl radical over C30, C40 and C50. The un-
paired electron in the 50-deoxyadenosyl radical is expected to be
localizedonC50. Therefore it is tobe expected that thehyperﬁnecou-
plings arising from the 50-deoxyadenosyl radical will be larger, and
the coupling pattern simpler, than those reported for the 50-deoxy-
30,40-anhydroadenosine-50-yl radical. Formationof the 50-deoxyade-
nosyl radical leaves C50 essentially sp2 hybridisedwith the unpaired
electron in a ’free’ p orbital at C50. Thus the two C50–H atoms will
have similar hyperﬁne couplings constants dominated by a large
isotropic contribution, as observed for A and B in Fig. 4b. Although
a lack of conjugation means there is no route for delocalization of
the unpaired electron over further carbon atoms in the 50-deoxyad-
enosyl radical, the protons attached to such carbon atoms will be
hyperﬁne coupled to the unpaired electron through a purely dipolar
(through space) mechanism. The magnitude of dipolar hyperﬁne
coupling depends on the distance between the site of the unpaired
electron and the proton in question, thus protons fromboth50-deox-
yadenosine and the surrounding protein environment could be cou-
pled. Such hyperﬁne coupling gives rise to features C–G in the
spectrum. This analysis is consistentwith the observations reported
here, but cannot be used for a deﬁnitive assignment of the radical
species we observe due to the aforementioned potential contribu-
tions to the spectrum from coupling to protein protons. While the
identiﬁcation of the majority of the radical spectrum with the 50-
deoxyadenosyl radical provides the simplest explanationof thedeu-
teration effect, we cannot rule out the possibility that it arises from
the SAM radical prior to homolysis of the S-50-CH2 bond. Further-more it is possible that the spectrumexhibits hyperﬁne coupling be-
tween an amino acid radical on the protein and the 50-CH2 protons
on SAM or 50-deoxyadenosine. This would also lead to the spectrum
showing a dependence on the deuteration of the 50-CH2 group.
Unfortunately, as this radical is formed in very small quantities,
this precluded the acquisition of radical spectra having sufﬁcient
quality to merit detailed analysis. However, the data presented
here do provide the ﬁrst spectroscopic evidence for the possible
formation of the 50-deoxyadenosyl radical during the turnover of
a radical SAM enzyme and thus support the mechanism of action
proposed for such enzymes [16,28]. The identiﬁcation of NirJ as a
radical SAM enzyme infers that some radical chemistry is involved
in d1 heme biogenesis. One such step would the removal of the
propionic acid side chains where the unreactive alkyl components
would need to be activated to generate a leaving group.
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